We analyze the effects of hyperfine mixing in b → c semileptonic and electromagnetic decays of doubly heavy baryons.
INTRODUCTION
In the infinite heavy quark mass limit, and according to heavy quark spin symmetry, the total spin of the heavy quark subsystem in a doubly heavy baryon can be selected to be S h = 0, 1. Indeed, this has been the criterion for the most common classification scheme of these baryons. Table 1 summarizes the quark content and quantum numbers of the baryons considered in this study, classified so that S h is well defined, and to which we shall refer as the S h -basis. Being ground state baryons, a total orbital angular momentum L = 0 is assumed. Table 1 .
Masses are rather insensitive to the mixing, and most calculations simply ignore it and use the S h -basis. Roberts and Pervin [1] took the issue of the hyperfine mixing and its role in semileptonic decays. They noticed that, working in the S h -basis, the decay width of Ξ bc (Ω bc ) greatly differs from that of Ξ ′ bc (Ω ′ bc ) so that mixing could be of relevance for these processes. In Ref. [2] they found that indeed mixing had an enormous impact in semileptonic decays of doubly-heavy baryons.
We have studied the effect of this mixing in both semileptonic and electromagnetic decays in Refs. [3] and [4] . Our study on the semileptonic decay widths of bc baryons qualitatively corroborate the findings of Roberts and Pervin. In the electromagnetic case the decay widths are proportional to (M I −M F ) 3 , with M I , M F the initial and final baryon masses, showing thus a strong dependence on the actual baryon masses. Table 2 shows our results for the masses of the unmixed states. We compare them to the results from Refs. [5] and [1] . Details on the model used can be found in Ref. [6] . Mixed bc states are obtained by diagonalizing the corresponding mass matrices. In our calculation, the mixed states and masses are given by [3] 
RESULTS AND DISCUSSION
Comparing with Table 2 , we see small changes in the masses when mixing is taken into account. However, as shown in Eq. (1), the admixture is important and it can affect the Table 3 , where for comparison we also show the results obtained in Refs. [7, 8] , within different relativistic approaches, and in the nonrelativistic calculation of Ref. [2] . Our results are in a global fair agreement with the ones in Ref. [7] . As for the other relativistic calculation in Ref. [8] , the agreement is fair for transitions with a bc baryon in the initial state but there is an approximate factor of 2 discrepancy for transitions with a bc baryon in the final state. The nonrelativistic calculation in Ref. [2] also gives results that are roughly a factor of 2 smaller than ours for all decays. A very interesting feature of the decay widths shown in Table 3 is that they are very different for transitions involving Ξ bc or Ξ ′ bc (Ω bc or Ω ′ bc ). This means, as suggested in Ref. [1] , that mixing in those states, provided the admixture coefficients are large, can have a great impact on the decay widths.
In Table 4 we show our results for electromagnetic decays in the unmixed case. Branz et al. [9] have also studied electromagnetic decays of doubly heavy baryons within a relativistic constituent quark model. The agreement with our results is very poor in this case in part due to the different masses used in both calculations. The agreement improves in most cases if we divide out the (M I − M F ) 3 mass factor discussed above. Still the differences are in the range 50-80%. This can be seen in Table 5 .
b → c semileptonic decay widths involving the mixed states Ξ
(1)
bc and Ω
are now given in Table 6 . We see rather big changes from the values in Table 3 where unmixed states were used. Special attention deserves the B (2) bc → B * cc transitions where the width reduces by a large factor of 44 (54) for the Ξ
bc → Ω * cc ) decay compared to the unmixed case. This can be easily understood by taking into account 
bc ≈ |qc; 0 ⊗ |b;
J=1/2 . In the latter state the light and c quarks are coupled to spin 0, whereas in the B * cc the light and any of the c quarks are in a relative spin 1 state. In any spectator calculation, as the ones here and in Ref. [2] , the amplitude for the |qc; 0 ⊗ |b; Our results for the electromagnetic decay width for mixed states are enclosed in This work [9] This work [9] Ξ * bcu → Ξ
bcu γ 6.05 0.15 ± 0.02 Table 7 . To the best of our knowledge ours was the first calculation which took into account the effect of the mixing in the electromagnetic decay width of bc-baryons. As for the unmixed case, we find a better qualitative agreement with the results of Ref. [9] when we show the decay widths divided by the (M I − M F ) 3 mass factor, see Table 8 .
CONCLUSIONS
We qualitatively confirm the findings in Refs. [1, 2] as to the relevance of hyperfine mixing in b → c semileptonic decays of doubly heavy baryons. Actual results differ by a factor of two. We find mixing is also very important for electromagnetic decays. In this latter case decay widths are very sensitive to the actual baryon masses We have compared our results for the electromagnetic decay widths with those from Ref. [9] . Predictions are rather different, although a better agreement is found if the dependence of the witdh on (M I − M F ) 3 is divided out. Electromagnetic decay studies demand an accurate determination of the masses.
